Point mutations of D835/I836 of the FLT3 gene have been reported in adult acute myeloid leukemia (AML), but not in pediatric AML or acute lymphoblastic leukemia (ALL). FLT3-D835/I836 mutations were found in 6 (5.4%) of 112 children with ALL older than 1 year and in 8 (16.0%) of 50 infants with ALL. Missense mutations were found in 11 patients, 3-base pair deletions in 2 patients, and a deletion/ insertion in 1 patient. Remarkably, FLT3-D835/I836 mutations were found in 8 (18.2%) of 44 infants with ALL with MLL rearrangements and in 4 (21.5%) of 19 patients with hyperdiploid ALL, but they were not found in any patients older than 1 year who had TEL-AML1 (n ‫؍‬ 11), E2A-PBX1 (n ‫؍‬ 4), or BCR-ABL (n ‫؍‬ 6) fusion genes. Although infant ALL patients with mutations had poorer prognoses than did those without mutations, pediatric ALL patients with mutations who were older than 1 year had good prognoses. We also found FLT3-D835 mutations in 2 of 11 leukemic cell lines with MLL rearrangements. 
Introduction
Tyrosine kinases (TKs) function as the control of cellular signal transmission. Some TKs are closely associated with normal hematopoietic regulation and cell function. 1 Of TKs involved in hematopoiesis, some genes related to TKs fuse to functionally important genes, such as ABL or ALK-related fusion genes, and others have mutations, such as the FMS or c-KIT genes. 1 Constitutive phosphorylation of TK induced by these gene aberrations leads to a strong proliferative activity in hematopoietic cells, and often it is involved in the development of leukemia/lymphoma. 1, 2 In these TKs, the FLT3 gene is a receptor TK that has a transmembrane domain and plays an essential role in hematopoiesis. 2 Internal tandem duplication (ITD) of the juxtamembrane (JM) domain of the FLT3 gene was identified in acute myeloid leukemia (AML). 3 The frequency of FLT3-ITDs is 17% to 27% of de novo adult AML, 5% to 17% of childhood AML, 3% to 5% of myelodysplastic syndrome (MDS), and 3% of acute lymphoblastic leukemia (ALL). [3] [4] [5] [6] [7] [8] [9] FLT3-ITD leads to constitutive activation and is recognized as a significant prognostic factor in adult [3] [4] [5] [6] and pediatric [7] [8] [9] AML. FLT3-ITD activates the signal transducer and activator of transcription 5 and MAP kinase pathway. 10 In a murine bone marrow transplant model, the FLT3-ITD mutant induces a myeloproliferative disorder. 11 Recently, point mutations of D835/I836 in the activation loop of the second TK domain of FLT3 were found in adult AML, MDS, and ALL. 5, 12, 13 The incidence of FLT3-D835/I836 mutations was 7% of de novo adult AML, 3% of adult MDS, and 2.8% of ALL. 5, 12, 13 The D835/I836-mutant FLT3 induces the constitutive tyrosine-phosphorylation and interleukin-3 (IL-3)-independent proliferation of 32Dcl3 cells. 12 AML patients with FLT3-D835/I836 mutations tend to have poor prognoses, 5, 12, 13 suggesting that the FLT3-activating mutations of ITDs and D835/I836 mutations play important roles in AML. However, these FLT3-ITDs have rarely been found in pediatric ALL patients carrying myeloid markers and have not been associated with a poor prognosis. 8 In pediatric ALL, FLT3-D835/I836 mutations have not been reported previously. To clarify the relationship between the clinical features of ALL and FLT3-D835/I836 mutations, we analyzed FLT3-D835/I836 mutations in pediatric ALL, including infant ALL, and found the mutations to be relatively frequent in infant ALL with MLL rearrangements and pediatric ALL with hyperdiploidy. 
Study design

Patient samples
We analyzed 162 patients with pediatric ALL-50 infants younger than 11 months and 112 children older than 1 year (93 B-cell precursors, 19 T-cell phenotypes)-in addition to 81 healthy donors. ALL was diagnosed in these patients according to the French-American-British (FAB) classification. Chromosomal analysis was performed using G-banding, as previously reported, 14 and karyotyping was successful in 136 (84.0%) patients. MLL rearrangements were examined in 50 infants with ALL with the restriction enzymes EcoRI and HindIII using Southern blotting, as previously reported. 14 DNA indexing was performed in 112 ALL patients 1 year and older. 15 A DNA index greater than 1.14 indicated hyperdiploidy. Pediatric ALL patients (age range, 1-15 years; median, 6 years) were mainly treated according to the Tokyo Children's Cancer Study Group (TCCSG) L95-14 protocol, 15 and infant ALL patients (age range, 0-11 months; median, 5 months) were mainly treated with the Japan Infant Leukemia Study MLL96 protocol. 16 Informed consent was obtained from the patients and/or the patients' parents and the healthy donors. 
Leukemia cell lines
FLT3-D835/I836
RFLP-mediated PCR for the detection of FLT3-D835/I836 mutations and PCR for the detection of FLT3-ITDs
High-molecular-weight DNA or total RNA was extracted from bone marrow or peripheral blood samples from the patients using standard methods. 8, 17 Total RNA (4 g) was reverse transcribed to cDNA with a cDNA Synthesis Kit (Amersham Pharmacia Biotech, Buckinghamshire, England). FLT3-D835/I836 mutations were examined by restriction fragment length polymorphism (RFLP)-polymerase chain reaction (PCR) or reverse transcription-PCR (RT-PCR). The sense primer used for PCR and RT-PCR was 17F, 12 and the antisense primer for PCR or RT-PCR was FLT3-TK-R1 5Ј-AGTAAGCAGACTGCTGTGAG-3Ј) or FLT3-TK-R2 5Ј-GTAGAAGTTAGCATCAACCGG-3Ј), respectively. PCR procedure has been reported previously. 8, 17 Five microliters of the PCR product were digested with 5 U EcoRV for 1 hour at 37°C, then electrophoresed on 3% agarose gel. Undigested PCR products were directly sequenced by the fluorometric method. The FLT3-ITD was analyzed by PCR or RT-PCR, as previously reported. 8 
Antibodies and Western blot analysis
Monoclonal antibodies against phosphotyrosine (clone 4G10), signal transducer and activator of transcription 5 (STAT5) (clone 89), and ␣-tubulin (clone TU-01) were obtained from Upstate Biotechnology (Lake Placid, NY), Transduction Laboratories (Lexington, KY), and Sanbio (Uden, Netherlands), respectively. Rabbit polyclonal antibodies against FLT3 (C-20) and phospho-STAT5, which reacts to the Tyr694-phosphorylated active form of STAT5a and STAT5b, were from Santa Cruz Biotechnology (Santa Cruz, CA) and Cell Signaling Technology (Beverly, MA), respectively. Western blot analysis was performed as reported previously. 18 In brief, lysates of leukemia cells were separated, transferred, and incubated with the primary antibody, followed by incubation with horseradish peroxidase-conjugated second antibody. In the experiment for FLT3 phosphorylation, FLT3 was immunoprecipitated by anti-FLT3 antibody and protein A beads and then immunoblotted by antiphosphotyrosine antibody. The detection of bands was performed using an enhanced chemiluminescence kit (Amersham Japan, Tokyo).
Results and discussion
We detected FLT3-D835/I836 mutations in 6 (5.4%) of 112 children older than 1 with ALL and in 8 (16.0%) of 50 infants with ALL (Table 1) . Missense mutations were found in 11 patientsAsp835Tyr in 3, Asp835His in 2, Asp835Glu in 2, and Ile836Met in 4. Deletions of 3 base pairs (Ile836del) were found in 2 patients. For personal use only. on September 13, 2017. by guest www.bloodjournal.org From One patient had a deletion and an insertion mutation consisting of a 4-amino acid (Asp835-Ser838) deletion in 1 allele and a 3-amino acid (Ala835, Leu836, and Gly837) insertion in another allele. All the mutations were heterozygous, and the open reading frame was conserved. The Asp835 mutation probably was an activating mutation because the Asp835Tyr, His, and Glu found in this study were constitutively tyrosine phosphorylated. 12 Ile836del has also been shown to have strong autophosphorylation, 19 suggesting an association with the proliferation of leukemic cells because these mutations were detected in adult AML and tended to reduce disease-free survival. 5, 12, 13 No FLT3-ITDs were found in this study. FLT3-ITDs are rarely found in pediatric and adult ALL, 8, 20 although they are frequently found in AML. [3] [4] [5] [6] [7] [8] FLT3-ITDs may not be involved in growth advantage in ALL because ALL carrying FLT3-ITDs were not associated with poor prognoses. 8 Neither ITDs nor D835/I836 mutations were detected in the healthy donors in this study, as previously reported. 12, 13 FLT3-D835/I836 mutations were frequently found in infants with ALL with MLL rearrangements and children with ALL with hyperdiploidy
Of 50 infants with ALL, 44 patients had CD10 Ϫ early pre-B cell ALL with MLL rearrangements, 5 had CD10 ϩ B-cell precursor ALL, and 1 had T-cell ALL. Interestingly, FLT3-D835/I836 mutations were found in 8 (18.2%) of 44 infants with ALL with MLL rearrangements-t(4;11)(q21;q23)/MLL-AF4 in 4 patients and t(11;19)(q23;p13)/MLL-ENL in 4 patients-but not in the remaining 6 patients without MLL rearrangements. However, this difference was statistically not significant. Six of 8 patients with the mutations died, and the overall survival rate in the patients with the mutations was lower than that in the patients with wild-type FLT3, though the difference was not significant (P ϭ .42).
B-cell precursor ALL (CD10 ϩ , CD19 ϩ , CD3 Ϫ , CD13 Ϫ , CD33 Ϫ ) was diagnosed in 6 children with the FLT3-D835/I836 mutations. Interestingly, FLT3-D835/I836 mutations were found in 4 (21.5%) of 19 children with ALL with hyperdiploidy (all were alive). Frequencies of FLT3-D835/I836 mutations were significantly higher in pediatric ALL with hyperdiploidy than in the other patients (P ϭ .0074). No mutations were found in patients with TEL-AML1 (n ϭ 11), E2A-PBX1 (n ϭ 4), or BCR-ABL (n ϭ 6) fusion genes. FLT3-D835/I836 mutations were not associated with sex, age, white blood cell (WBC) or platelet counts, hepatosplenomegaly, or involvement of the central nervous system at onset in either pediatric or infant ALL (data not shown).
Of 44 leukemia cell lines with the FLT3 expression, FLT3-D835 mutations were found in 2 (4.5%) leukemia cell lines, including 1 ALL (KOCL-33 carrying t(11;19)) and 1 AMOL (KOCL-48 carrying t(4;11)) cell line, which were derived from infant leukemia. FLT3-ITDs were found in 2 (4.5%) AMOL cell lines-MV4;11 carrying t(4;11) and MOLM-13 carrying t(9;11)-which were derived from pediatric or adult AMOL patients. Interestingly, 4 (36.3%) of 11 leukemia cell lines with MLL rearrangements had FLT3-activating mutations. On the other hand, no FLT3-activating mutations were found in any B-ALL, T-ALL, AML, AMKL, or CML cell lines. Frequent additional alterations of proliferation-related genes or tumor-suppressor genes as the second genetic events in ALL with hyperdiploidy 22, 23 or MLL rearrangements have not yet been reported. 18, 24 Thus, the FLT3-D835/I836 mutations found in this study are considered to be the second genetic events in ALL. As for prognoses, our results indicated that FLT3-D835/I836 mutations affected the poorer prognoses of infants with ALL and MLL rearrangements. In contrast, patients with hyperdiploid ALL and the mutations had good clinical outcomes, suggesting that the mutations may not affect the growth advantage of hyperdiploid ALL cells. Further larger prospective studies are needed. Recently, gene expression profiling by microarray showed that FLT3 expression was higher in acute leukemia with MLL rearrangements 25 and in ALL with hyperdiplody. 26 These studies suggest that FLT3 high-expression or constitutive tyrosine phosphorylation possibly caused by D835/I836 mutations in ALL with MLL rearrangements or hyperdiploidy might contribute to the pathogenesis of ALL with MLL rearrangements or hyperdiploidy and that a molecularly targeted drug against activating FLT3 should be considered in the future. For personal use only. on September 13, 2017 . by guest www.bloodjournal.org From
